We present Kelvin probe force microscopy measurements of single-and few-layer graphene resting on SiO 2 substrates. We compare the layer thickness dependency of the measured surface potential with ab initio density functional theory calculations of the work function for substrate-doped graphene. The ab initio calculations show that the work function of single-and bilayer graphene is mainly given by a variation of the Fermi energy with respect to the Dirac point energy as a function of doping, and that electrostatic interlayer screening only becomes relevant for thicker multilayer graphene. From the Raman G-line shift and the comparison of the Kelvin probe data with the ab initio calculations, we independently find an interlayer screening length in the order of four to five layers. Furthermore, we describe in-plane variations of the work function, which can be attributed to partial screening of charge impurities in the substrate, and result in a nonuniform charge density in single-layer graphene.
I. INTRODUCTION
Carbon nanomaterials and in particular single-layer graphene, a truly two-dimensional (2D) solid with unique electronic 1, 2 and mechanical properties, 3 attract increasing interest, mainly due to possible applications in high mobility nanoelectronics, [4] [5] [6] [7] and sensor technologies. 8 Since graphene only consists of surface atoms, a number of new schemes for local doping, 9 surface functionalization, 10 gas sensing, and atomically thin nanoelectronic circuits 11, 12 become accessible. In this context, the graphene-substrate interaction and, more generally, the interaction between graphene and its environment plays a crucial role as it limits the intrinsic electron mobility in graphene. 13, 14 The interaction with the substrate and environment is associated with the formation of disorder potential which, in turn, reduces mobilities, limits energy gaps in nanoribbons 15, 16 and bilayer graphene, 17 and has significant impact on the noise level in graphene devices in general. 18 Detailed studies elucidated substrate-induced electron-hole puddles, 19 doping domains in graphene, 20 and local quantum capacitances. 21 Kelvin probe microscopy experiments on single-and few-layer graphene have been reported. 22, 23 Datta et al. 22 discussed the surface potential as a function of layer thickness and compared their result with Thomas-Fermi theory accounting for interlayer screening of the system. Yu et al. 23 have shown that the work function of singleand bilayer graphene can be widely tuned by changing the carrier density. They explain the doping-induced change in the work function using the Fermi level shift obtained from band structure calculations. Here, we report on Kelvin probe force microscopy (KFM) in ambient conditions of single-, bi-, and few-layer graphene resting on SiO 2 . We compare the KFM data with ab initio density functional theory (DFT) calculations of the work function for substrate-doped (i.e., surface doped) graphene. The calculations take into account two effects: the substrate-induced charge on the system, and the interlayer screening, i.e., the charge redistribution among the layers. In particular, our calculations show that for singleand bilayer graphene the work function is mainly determined by the Fermi level shift with respect to the Dirac point, i.e., the substrate-induced charge, which confirms the theoretical model used by Yu et al. 23 The effect due to the interlayer screening becomes important for multilayer graphene thicker than bilayer. Furthermore, we compare our results with Raman G-line shifts, and discuss substrate-induced variations of the work function, which provide insight into the disorder potential at elevated doping levels in single-layer graphene.
This paper is organized as following: In Sec. II, we describe the experimental setup and present Kelvin probe measurements as well as Raman spectroscopy data. In Sec. III, we introduce the ab initio DFT approach for calculating the work function as function of the number of graphene layers. Finally, we compare the experimental Kelvin probe data with the ab initio DFT calculations in Sec. IV.
II. SETUPS AND MEASUREMENTS
Kelvin probe measurements are performed under ambient conditions using a multimode microscope (Veeco) operated by a Nanonis SPM controller (SPECS). First, the topography of each scan line is recorded using tapping mode for distance control. In a second pass, at a constant distance from the sample (lift height = 5-50 nm), we perform KFM using amplitude modulation (AM-KFM). The frequency of the applied electrical modulation, V ac , is matched to the eigenfrequency of the cantilever, and the Kelvin controller cancels electrostatic forces by adjusting the tip bias voltage, V dc , until zero amplitude is reached. 24, 25 Here, V dc compensates for potential differences between tip and sample, and if the tip work function tip is known, the work function of the sample is given by s = tip − eV dc . The local variations of the work function, however, can be expressed independent of tip by S =−e V dc . An example of such a measurement is shown in Fig. 1 , where the topography is mapped onto the third dimension (z-axis) and the recorded surface potential (V dc ) is color coded. Fig. 2(b) are acquired by using a laser excitation of 2.33 eV through a single-mode optical fiber, whose spot size is limited by diffraction to ∼400 nm. The width and shape of the 2D Raman line [see, e.g., Fig. 3(c) ] confirm the number of graphene layers 26, 27 and single-layer regions can be well distinguished from bilayer regions in the full width at half maximum (FWHM) of the 2D line as shown in Fig. 2 (b) (see areas separated by white dotted line).
In Fig. 2(d) , we show a histogram analysis of the acquired Kelvin probe data over an area enclosing the graphitic flake as indicated in Fig. 2 iswithin the error bars-not affected by the overall charging of the flake, indicating that such small charging and in particular charge rearrangements across single-and bilayer graphene regions do not strongly alter the work function difference
, which is in agreement with ab initio calculations as shown below.
In Fig. 3 , we show measurements taken on a different sample consisting of single-, bi-, and and few-layer graphene regions with a number of layers ranging from one to six. This flake has been further electrically contacted to measure the work function independently of electrostatic influences from trapped charges within the flake. Figure 3 (a) shows a confocal Raman map of the FWHM of the 2D line taken prior to electrical contact deposition. We clearly distinguish the single-layer region (left dark area) from the multilayer region (bright part). This particular flake consists of a number of regions with different layer thicknesses as shown in Fig. 3(b) , where the Raman G-line intensity is plotted (arbitrary units). In Figs Fig. 3(f) [see also numbered labels in Fig. 3(e) ]. We observe that the surface potential V dc increases with increasing layer thickness, which predicts p-doping of the sample. 28 For the surface potential difference between the single-and bilayer region we find V (2−1) dc ≈ 68 meV, which is very close to the value reported above. However, other groups reported larger values of V (2−1) dc (Refs. 22 and 23), but as shown in the following, this can be attributed to different doping, which strongly depends on the preparation of the sample. 29, 30 The three closeups of Figs. 3(e) and 3(f) (see white labeled 1.5 by 1.5 μm boxes therein) will be discussed in Fig. 6 .
The observed differences in work function compared to a multilayer area (N) S are depicted in Fig. 4 (full squares). Compared to bulk graphite we observe a difference of 150, 82, and 26 meV, for single-, bi-, and three-layer graphene, respectively. The particularly large scattering of (2) S may be related to the relatively narrow bilayer region. The inset in Fig. 4 shows the measured Raman G-line shift as a function of number of layers. The doping n of the sample can be determined from the G-line position ω G using the calculated relations n (ω G ) for single-layer 31 and bilayer graphene. 32 The G-line shift is nearly symmetric and positive for electron and hole doping, therefore the sign of the doping cannot be extracted from the measured G-line shift. However, assuming a hole doping on this flake, we find a doping level of n ≈ −(2.5 ± 1)× 10 12 cm −2 for the single-layer and n ≈ −(7.5 ± 1.5)×10 12 cm −2 for the bilayer. Similar values can be obtained using the experimentally measured ω G as a function of n. 20, 33, 34 These Raman measurements suggest that single-and bilayer graphene on the same sample have different doping values, which will be further discussed below. For a number of layers larger than two, the analogous relation n (ω G ) has not been determined yet.
III. DENSITY FUNCTIONAL THEORY CALCULATION
In order to compare the Kelvin probe measurements with ab initio DFT calculations, we used the PWscf code of the Quantum ESPRESSO distribution. 35, 36 Calculations are done using the Perdew-Burke-Ernzerhof exchange correlation functional 37 and norm-conserving pseudopotentials. Wave functions and density are described using 40 and 600 Ry planewave basis set, respectively. The electronic eigenstates are occupied with a Fermi-Dirac distribution, with an electronic temperature of 300 K. The Brillouin zone integration is performed using a k-point grid of (80 × 80 × 1). The experimental lattice constant a = 2.46Å of the 2D graphite is used and the layer-layer distance d in multilayer graphene is set to 3.35Å as in graphite. The length L of the supercell along z is fixed in order to have a distance of about 14Å between periodic replica and a distance of about 7Å between the system and the monopole and dipole potentials region. Multilayer graphene sheets are arranged according to Bernal stacking geometry. The calculations only include surface-induced charge doping originating from the bottom or top surface of the graphitic flakes. Possible influences of surface dipoles associated to adsorbed molecules are neglected. For simplicity we assume that the dopants are on the bottom side only. The density of surface charges at the bottom side of the flake is σ = −n|e|, where n is the free carrier density and −|e| is the electron 235434-3 charge. Positive n corresponds to electron doping and negative n corresponds to hole doping. The surface charge density leads to a discontinuity of the electric field across the graphene layers equal to σ/ 0 , where 0 is the permittivity of the vacuum. We assume that the counter charge density is located on the bottom side of the system (e.g., in the gate electrode) such that the electric field is E = σ/ 0 below the graphene sheet and, assuming absence of adsorbates, we set E = 0 above the flake. The electric field configuration is reproduced in our calculations by introducing monopole and dipole potentials in the edges of the super cell as described by Gava et al. 38 The resulting potential energy in the direction perpendicular to the sheet is shown in Fig. 5(a) for single-and bilayer graphene (a planar average in the directions parallel to the sheets has been performed). The electric field is obtained from the derivative of the planar average, calculated in the region outside few-layer graphene where the potential energy is linear and E uniform. The zero electric field condition on the top side of the system is required to define the work function S , which is the minimum energy for an electron to escape into vacuum. ∞ is the potential energy at infinite distance from the system [in Fig. 5(a) , it is set to zero for convenience]. The work function S of multilayer graphene is then defined as
where F is the Fermi level.
In the insets of Fig. 5(a) , we show the calculated band structure for p-doped single-and bilayer graphene, around the K point in the Brillouin zone (BZ). The effect of the electric field on the system is twofold: (i) the band structure is distorted and the alignment of the Dirac point is modified with respect to the vacuum energy and (ii) the Fermi level is shifted with respect to the Dirac point because of removal or addition of charges. For the single layer, the electric field does not affect the linear crossing of the π bands (which is dictated by the hexagonal symmetry of the system). However, for the bilayer the zero-field electric band structure displays a parabolic crossing of the π bands at K, 39 and this crossing is lifted in presence of a finite electric field.
In Fig. 5(b) , we show the doping dependence of the work function S of single and few-layer graphene, calculated with Eq. (1), which includes both the effect of the Fermi level shift due to the induced charge and the effect due to the different screening properties of multilayer graphene. The work function for single-layer graphene shows a strong doping dependence, while its variation in n decreases with increasing number of layers. This is due to the fact that the doping charge (per unit area) can distribute over different layers. Thus, the more layers there are, the lower is the Fermi level shift.
The doping dependence of S can be due to both, the variation of the Fermi level with respect to the Dirac point d , or an electric-field-induced variation of d with respect to the vacuum level:
where d is calculated as the average energy of the π bands at K. 40 For zero doping, our DFT calculations show that ( ∞ − d ) does not depend on the number of layers and it is Fig. 5(c) , the error in the work function difference with respect to n = 0 is around 4%. Equation (3) also reasonably reproduces the doping dependence of the work function for bilayer graphene, even if in this case the error is increased with respect to single-layer, being around 30%. In single-and bilayer graphene, the work function is thus mainly determined by the Fermi level shift with respect to the Dirac point as a function of the charge density, justifying the analysis of Yu et al. 23 Our findings also explain a √ n dependence of S on the charge density for the single layer, and a linear dependence on n for the double layer. Indeed, for the single layer
and for the biayer
where v F is the Fermi velocity and m 1 is the effective mass. Moreover, in our DFT calculations charges are adsorbed from the bottom of the system. However, in the case of single-and bilayer graphene, we have shown that the major effect which determines the work function variation is the Fermi level shift with respect to the Dirac point, i.e., the total doping charge n, while the Dirac point shift with respect to the vacuum is negligible. Therefore, from this decomposition, we conclude that in the case of single-and bilayer graphene the work function results to be independent of whether such charge is adsorbed from the top or the bottom of the system. For more than two layers, the error in the work function difference with respect to zero doping (n = 0) becomes larger than in bilayer graphene when using Eq. (3) and, therefore, the work function cannot be interpreted as a simple shift in the Fermi energy. In particular, one can notice that for a large number of layers the work function variation with n is negligible [ Fig. 5(b) ], because the graphene layers screen the electric field on the bottom side of the sample. This screening is neglected in Eq. (3) and therefore, for the comparison with experimental results, we have used the work function values as calculated in Eq.
(1) and shown in Fig. 5(b) .
IV. COMPARISON AND DISCUSSION

A. Layer dependent work function differences
In Fig. 4 , we compare the experimentally observed work function differences as a function of the layer thickness with the results of our ab initio DFT calculations. The experimental results are in reasonable agreement with the ab initio calculations when assuming an overall doping value of n = −4.5×10 12 cm −2 (see triangles and continuous line). We observe that the work function difference decreases significantly for the first few-layers but it is no longer layer-dependent for systems with more than four to five layers. This is in good agreement with recent transport experiments on double-gated few-layer graphene systems, where an interlayer screening length of 1.2 ± 0.2 nm has been reported. 41 In contrast to the Kelvin probe data, we observe for the layer-dependent Raman G-line position (see inset in Fig. 4 ) a slight monotonic change even for larger layer numbers N. This is mainly attributed to the fact that interlayer screening does not play an important role for the Raman measurement, since all layers are contributing to the Raman signal. This is in contrast to the Kelvin probe measurement, where the surface potential is playing the crucial role and lower lying layers are partially screened. However for very few-layer graphene samples (one to three layers), where the doping-induced shift of the charge neutrality point is the dominating mechanism for shifting the work function difference (see discussion in Sec. III), the Raman data and the Kelvin probe data are in reasonably good agreement. For example, we observe an enhancement of the doping level of the bilayer section in both data sets. The origin of this elevated doping value is not known but it may be related to the relatively small bilayer graphene area on the investigated sample, where edge effects may play an important role, may also explain the rather extended error bar. However, a systematic increased doping level for bilayer graphene cannot be excluded, since it could be in agreement with recent experimental results on chemically functionalized graphene where it has been found that adsorbates bind differently to single-and bilayer graphene. 42 From Fig. 5(b) , we can also notice that at the estimated p-doping values (indicated by the vertical line), the small charging n = 1.4 ×10 11 cm −2 induced upon contact with the biased AFM tip only leads to a minor modification of the work functions, i.e., of V (2−1) dc as observed in our experiment and mentioned above.
B. Lateral variations in the work function of single-and few-layer graphene
From the lateral variations in the measured surface potential we can furthermore extract information about in-plane screening in few-layer graphene. In Fig. 6 , we show closeup scans of the topography and surface potential recorded on 3(e) and 3(f). The topography images exhibit the presence of contaminations, but do not show significant differences depending on the layer thickness. The Kelvin probe measurements, in contrast, show striking differences. Whereas the work function measured on 6LG is very homogeneous, we see significant variations on 1LG, showing that different substrate doping cannot be sufficiently screened. The width of the distribution δV (1) dc ≈ 9 mV can be attributed to such local doping variations resulting in a charge inhomogeneity, while δV (6) dc ≈ 3.6 mV lies in the range of the noise level of our KFM measurement setup. The variations are indicated by the corresponding histograms shown in panels (g) and (h).
partial screening of charge impurities that induce a doping. The corresponding histograms [Figs. 6(g) and 6(h)] show that single-layer graphene partially screens the impurities as expressed by a narrowing of the distribution in Fig. 6(h) . For single-layer graphene, we observe an asymmetric distribution of the surface potential as highlighted by the two arrows in Fig. 6(h) , whereas Figs. 6(g) and 6(i) exhibit a rather symmetric distribution. This asymmetry reflects the overall p-doping of the sample resulting in an excess of holes in the graphene layer, which allows more efficient screening of electrons. Additionally, the linear density of states suppresses the screening of more positive charge impurities in the p-doped regime [see right arrow in Fig. 6(h) ]. Interestingly, we observe these strong variations in doping at elevated doping levels which consequently leads to the conclusion that significant disorder is also present at rather high carrier densities.
V. CONCLUSION
In summary, we presented Kelvin probe measurements on single-, bi-, and few-layer graphene flakes resting on SiO 2 . The Kelvin probe measurements revealed significant work function variations as a function of the number of graphene layers, in quantitative agreement with ab initio DFT computed work functions for p-doped multilayer graphene. Moreover, our calculations show that for single-and bilayer graphene the work function variation with doping is mainly due to the shift of the Fermi energy with respect to the Dirac point, while for more than two layers the effects due to interlayer screening become relevant and have to be carefully taken into account. Measured and computed work function independently lead to an interlayer screening length in the order of four to five layers. The measurements, moreover, indicate different doping values for single-and bilayer graphene on the same sample. These findings are consistent with our Raman G-line shift measurements. We observed significant variations of the surface potential on 1LG. These variations are related to the partial screening of charge impurities in the substrate which results in a nonuniform charge density in graphene, and presently determine one of the major limitations in the performance of state-of-the-art graphene based electronic devices.
